. 41. On changing the temperature, the sample drifts laterally relative to the tip. We obtain large data sets at each temperature that include a common field of view. The topographic features are then used to crop the area common to all temperatures to within 2 Å . 44. W. Meevasana et al., Phys. Rev. B 75, 174506 (2007). 45. J. Graf et al., Phys. Rev. Lett. 98, 067004 (2007 T he fidelity of synaptic transmission between coupled neurons depends on their ability to transmit activity over a wide range of frequencies. Because of the relative slowness of chemical transmission, synaptic transmission acts as a low-pass filter with a cutoff between 10 and 100 Hz (1). When a presynaptic cell is stimulated at repetitive short intervals, the postsynaptic response usually decreases over time, the rate of depression being faster as the stimulus frequency increases (2). Most studies explain paired-pulse depression (PPD) as a combination of depression of presynaptic glutamate release and intrinsic kinetic properties of postsynaptic AMPARs upon agonist binding (2). Return from depression is believed to arise from recovery of release, together with AMPAR exit from desensitization. This assumes that AMPARs are stable within the postsynaptic density (PSD). Dynamic imaging has shown that AMPARs are not static but diffuse rapidly at the surface of neurons, traveling micrometer distances per second by random movements both in the synaptic and extrasynaptic membranes (3-8). Traffic of AMPARs from and to synapses through endo/ exocytosis takes place in tens of minutes (9, 10). However, lateral diffusion allows AMPARs to explore the synapse in the second range (6, 8, 11) , which suggests that surface AMPAR trafficking might be implicated in faster processes.
Gavin Rumbaugh, 3 Richard L. Huganir, 3 Laurent Cognet, 2 Daniel Choquet 1 † AMPA glutamate receptors (AMPARs) mediate fast excitatory synaptic transmission. Upon fast consecutive synaptic stimulation, transmission can be depressed. Recuperation from fast synaptic depression has been attributed solely to recovery of transmitter release and/or AMPAR desensitization. We show that AMPAR lateral diffusion, observed in both intact hippocampi and cultured neurons, allows fast exchange of desensitized receptors with naïve functional ones within or near the postsynaptic density. Recovery from depression in the tens of millisecond time range can be explained in part by this fast receptor exchange. Preventing AMPAR surface movements through cross-linking, endogenous clustering, or calcium rise all slow recovery from depression. Physiological regulation of postsynaptic receptor mobility affects the fidelity of synaptic transmission by shaping the frequency dependence of synaptic responses.
T he fidelity of synaptic transmission between coupled neurons depends on their ability to transmit activity over a wide range of frequencies. Because of the relative slowness of chemical transmission, synaptic transmission acts as a low-pass filter with a cutoff between 10 and 100 Hz (1) . When a presynaptic cell is stimulated at repetitive short intervals, the postsynaptic response usually decreases over time, the rate of depression being faster as the stimulus frequency increases (2) . Most studies explain paired-pulse depression (PPD) as a combination of depression of presynaptic glutamate release and intrinsic kinetic properties of postsynaptic AMPARs upon agonist binding (2) . Return from depression is believed to arise from recovery of release, together with AMPAR exit from desensitization. This assumes that AMPARs are stable within the postsynaptic density (PSD). Dynamic imaging has shown that AMPARs are not static but diffuse rapidly at the surface of neurons, traveling micrometer distances per second by random movements both in the synaptic and extrasynaptic membranes (3) (4) (5) (6) (7) (8) . Traffic of AMPARs from and to synapses through endo/ exocytosis takes place in tens of minutes (9, 10) . However, lateral diffusion allows AMPARs to explore the synapse in the second range (6, 8, 11) , which suggests that surface AMPAR trafficking might be implicated in faster processes.
Cross-linking of surface AMPARs decreases the coefficient of variation and increases PPD. We measured the variations in the efficacy of synaptic transmission in response to changes in AMPAR mobility by specific cross-linking (X-link) of GluR2-AMPARs with antibodies against their extracellular N-terminal domains (4, 11) (fig. S1, A and B). Pairs of monosynaptically connected cultured hippocampal neurons were recorded using dual whole-cell recordings (Fig. 1A, fig. S1 , C and D, and table S1) (12) . Evoked excitatory postsynaptic currents (eEPSCs) were not affected by X-link ( fig. S1 , E to G). The coefficient of variation (CV) of eEPSCs over time and paired eEPSCs are classically used to measure synaptic transmission variability (13) . Interestingly, the CV after X-link was lower than in control (control, 0.33 ± 0.02; X-link, 0.25 ± 0.02; t test, P < 0.05) (Fig. 1, B and C) . Furthermore, paired-pulse eEPSCs at 50-ms intervals displayed PPD for the majority of the recorded neuron pairs (24 out of 31) (Fig. 1D) . The remaining neuron pairs displayed paired-pulse facilitation. After X-link of GluR2, pairs displayed a more pronounced PPD, measured as a decrease in paired pulse ratio (PPR) (PPR in control, 0.86 ± 0.02; after X-link, 0.71 ± 0.04; t test, P < 0.05) (Fig. 1, D and E) .
Variations in CVand PPR are usual hallmarks of presynaptic changes (2, 13) . GluR2 X-link should in contrast lead to changes in postsynaptic properties. Rapid AMPAR movements inside synapses (6) (7) (8) or between synaptic and extrasynaptic sites (4, 6, 8, 11) , could theoretically lead to variations in AMPARs' density at the postsynaptic side causing variability in eEPSCs, including in the rate of recovery from PPD, by regulating the exchange of desensitized receptors for naïve receptors.
AMPAR mobility inside synapses. To measure the fraction of surface receptors that are mobile in the extrasynaptic membrane or within a spine head both in CA1 pyramidal neurons from hippocampal slices and in cultured hippocampal neurons, we used fluorescence recovery after photobleaching (FRAP) on AMPAR sub-units tagged at their N termini with super-ecliptic phluorin (4), a pH-sensitive form of green fluorescent protein (pHGFP) (Fig. 2, A to C, and fig. S2 ). GluR1::pHGFP was mostly homogenously distributed along the spines and dendrites, with occasional spines displaying strongly clustered GluR1::pHGFP. In contrast, GluR2::pHGFP was more systematically clustered within spine heads ( fig. S2, A and B) . A significant fluorescence recovery occurred in both shaft dendrite (~60% in 60 s) and spines (~30%) in hippocampal brain slices (Fig. 2, A to C) , indicating that GluR2-AMPAR are mobile in intact hippocampi, as in cultured neurons (5, (7) (8) (9) . In cultures, GluR1::pHGFP and GluR2::pHGFP fluorescence also recovered after photobleaching, to a higher extent in extrasynaptic areas than in synaptic ones. About half of AMPARs exchanged from an extrasynaptic to a synaptic location for GluR2::pHGFP and nonclustered GluR1::pHGFP (Fig. 2C) .
Individual GluR1-and GluR2-AMPARs were tracked using single quantum dots or organic dyes (6-8, 11, 12, 14) . Synapses were identified by Mitotracker (7, 8) or the excitatory postsynaptic protein Homer1C::DsRed (15) . In control, 70% of GluR1-AMPARs were mobile in the postsynaptic membrane, and half of this population exchanged continuously between synaptic and extrasynaptic domains, the other half being mobile but confined in the synapse (Fig. 2D and  fig. S3 ) (3, 4, (6) (7) (8) 11 (Fig. 2E) . These exchanging AMPARs only dwell for a few seconds in the synapse (Fig. 2G  and fig. S3 ); the remaining AMPARs were transiently immobile. As expected, antibody-induced AMPARs X-link massively reduced receptor mobility and suppressed the exchange of receptors between synaptic and extrasynaptic sites ( fig. S1 , A and B).
AMPAR mobility contributes to recovery from PPD. Because PPD has been mainly envisioned as influenced by presynaptic processes (2, 13), we investigated the effect of receptor immobilization on isolated postsynaptic AMPARmediated currents. For this, glutamate-evoked currents were recorded in whole-cell mode using rapid iontophoretic glutamate application onto synapses (identified by Homer1C::DsRed) (figs. S4 and S5). In control, application of glutamate for 1 ms with iontophoretic currents of~100 to 200 nA evoked inward currents of 130.4 ± 11 pA (n = 37) with fast rise and decay times ( Fig. 3A and fig. S5 ). When paired glutamate applications were applied, the second response was depressed ( Fig. 3 and fig. S5 ). The extent of depression decreased as the time interval between paired glutamate applications increased, as expected from AMPARs' recovery from desensitization (16) (17) (18) (19) . Indeed, PPD was abolished by cyclothiazide (50 mM) (Fig. 3, A and B, and fig. S6A ), an antagonist of AMPAR desensitization (20, 21) .
However, AMPAR immobilization through X-link reduced the response amplitude to the second contiguous glutamate application (Fig. 3 , A and B). The X-link-induced reduction in pairedpulse ratio was dependent on the interstimulus interval, with a maximal effect (factor 2) for short intervals (10 to 20 ms) and no effect over 200 ms. Receptor X-link thus modified the characteristic time and the extent of recovery from depression. PPD was absent at extrasynaptic sites (PPR = 1.12 ± 0.15; n = 4), where AMPARs are more mobile and not confined ( fig. S3) (4, 7, 8) . Activation of successive AMPAR currents by two-photon 4-methoxy-7-nitroindolinyl-caged L-glutamate (MNI-glutamate) uncaging (2P-EPSCs) (22) provided comparable sensitivity to X-link, although a significant PPD was already present in control conditions at synaptic and extrasynaptic sites (Fig. 3,  C and D, and fig. S7 ). In control, PPR was significantly higher after uncaging onto shaft regions compared with uncaging at the tip of closely located spines, where receptors are less mobile (Fig. 2) . After GluR1 X-link, PPR onto shafts was decreased compared with controls and was no longer different than that onto spines (Fig. 3, C and D) .
Several controls were performed to refute the possibility that antibody X-link modified the amount of recovery from depression through changes of receptor desensitization. First, primary antibody binding to the receptors did not modify the basic properties of mEPSCs ( fig. S8, A and B) . Second, X-link of the receptors did not modify individual glutamate-evoked iontophoretic responses ( fig. S8, C to G) . Third, the application of cyclothiazide totally abolished the decrease in recovery rate between glutamate applications induced by receptor X-link (Fig. 3, A and B, and fig. S7 ). Fourth, the kinetic properties of AMPARs were identical with and without antibodies, as measured in excised outside-out recordings ( fig. S9 ).
The (Fig. 3E) ; activated areã 2.5 mm ( fig. S5C)] . At low iontophoretic currents (I < 100 nA/1 ms), receptors were activated over a small area (<0.5 mm) (Fig. 3E and fig. S5C ), and PPD was only present after receptor immobilization. The parallel decrease in PPR and increase in iontophoretic current likely reflect prolonged presence of glutamate to desensitize receptors (18, 23, 24) . That receptor immobilization only modifies PPR at low iontophoretic current amplitudes suggests that recovery from depression due to receptor movements in a large glutamate application zone is slower than the rate of recovery from desensitization of individual receptors.
To investigate this, we used the rapidly dissociating glutamate receptor antagonist kynurenic acid (Kyn) to modify the apparent spatiotemporal glutamate waveform. Kyn generates a block that is inversely related to glutamate concentration (25) . Kyn (1 mM) reduced the current amplitude and accelerated the decay of iontophoretically elicited AMPAR currents (Fig. 3G) (25) . The presence of Kyn reduced PPD in control but not in X-linked conditions (Fig. 3F ). In the presence of Kyn, the area where AMPARs are activated and/or desensitized is smaller, allowing for their faster exchange with naïve AMPARs during the interpulse interval.
Interplay between AMPAR diffusion and recovery from PPD. To study the respective contributions of AMPAR recovery from desensitization and AMPAR mobility to the recovery from PPD, we took advantage of the fact that pHGFP::GluR1 can be either clustered or diffuse at synaptic sites, with slower mobility when clustered (Fig. 2C and  fig. S2 ). Overexpression of the GluR1 subunit increases the formation of GluR1 homomeric receptors (26) , which desensitize faster than heteromeric receptors but recover from desensitization onethird as fast (27) . Thus, the rate of recovery from PPD should reflect the prolonged exit of receptors from a desensitized state mainly when lateral diffusion rate is low.
PPD was similar at synaptic sites of nontransfected neurons and at synapses expressing diffuse pHGFP::GluR1 in transfected neurons. In contrast, synapses with clustered pHGFP::GluR1 displayed a much stronger PPD (Fig. 4, A to C) . Thus, recovery from PPD is dominated by receptor diffusion when pHGFP::GluR1 is highly mobile, whereas it is dominated by the intrinsic kinetic properties of GluR1 when pHGFP::GluR1 has a low mobility. We therefore specifically immobilized pHGFP::GluR1 containing receptors by X-link with an antibody to GFP (Fig. 4 , A to C). PPD was strong in areas of clustered receptors, approaching the value obtained for not X-linked but clustered pHGFP::GluR1 receptors. PPD was more pronounced for immobilized GluR1 containing clusters than immobilized wild-type AMPARs that recover faster from desensitization (27) . The rectification index showed that the relative proportion of homomeric GluR1 receptors at synapses did not correlate with the clustered state of GluR1 and was unchanged by X-link (Fig. 4, D and E) .
Calcium-induced AMPAR immobilization increases PPD. Because spontaneous clustering of AMPARs modified the extent of PPD, physiological processes that regulate AMPARs' mobility might also regulate PPD. AMPAR mobility is strongly decreased by local rises in intracellular calcium (5) . We explored whether an increase in calcium triggered by physiological synaptic stimulations also modifies PPD. Stimulation of a large population of synapses at 50 Hz, but not 5 Hz, induced a profound decrease in AMPARs' mobility (Fig. 5A ). This immobilization was stronger for GluR1 than GluR2 (explored surface, percentage of control, GluR2 83.1 ± 4%, GluR1 50 ± 5%, 5 min after stimulation). Stimulations of 50 Hz induced a stronger immobilization at synaptic than at extrasynaptic sites, accompanied by a reduction in the percentage of receptors that exchange between synaptic and extrasynaptic sites (Fig. 5, B to D) . This immobilization was due to rises in intracellular calcium through activation of calcium-permeable N-methyl-D-aspartic acid receptors (NMDARs) (Fig. 5D and fig. S10 ) and did not alter the proportion of endocytosed GluR1-containing AMPARs (control 15 min, 12.5 ± 3%; 15 min after 50 Hz, 11.6 ± 4%). Diffusion of another membrane receptor N-Cam did not change after stimulation (Fig. 5, B and C) . Immobilization of AMPARs was accompanied by an increase in PPD at a subpopulation of synapses after 50-Hz stimulation (Fig. 5, E and  F) , indicating that physiological immobilization of AMPARs also has an impact on recovery from synaptic depression.
Discussion. We report that AMPAR lateral diffusion influences synaptic transmission at different time scales. On the second to minutes time scale, the CVof synaptic currents depends in part on the surface trafficking of AMPARs that diffuse within the PSD and exchange between synaptic and extrasynaptic sites. In the tens of millisecond time scale, AMPAR lateral diffusion regulates the fast recovery from postsynaptic depression induced at high-frequency transmitter release. Consequently, we now propose that the rate of recuperation from synaptic depression results from the combination of the recovery of AMPAR from desensitization, the recuperation of transmitter release (2) , and the fast lateral exchanges of desensitized receptors with naïve functional ones. In addition, the rate of AMPAR fluxes can be modulated in various physiological ways, such as clustering states or variations in intracellular calcium, and these regulations affect the synaptic signaling.
The role of AMPARs' desensitization during PPD at hippocampal synapses is debated (18, 28-31 ), in part due to the absence of adequate tools (e.g., cyclothiazide having both preand postsynaptic effects) (32, 33) . The desensitization properties of AMPARs will depend on the glutamate clearance, particularly at synapses whose morphologies favor spillover from neighboring release sites (19, (34) (35) (36) (37) (38) (39) . Measurements of AMPAR-mediated current amplitude and kinetics, as well as theoretical calculations, have suggested that the size of the field where receptors are occupied by glutamate only represents a subarea of the PSD that spans about 100 nm from the site of vesicle release and is only about 25% of the area of an average CA1 synapse for a single quantal release (13, 36, 40, 41) . At least 50% of the AMPARs are mobile at synaptic sites and can explore the whole PSD (4, 7, 8) .
Our single-molecule measurements, which likely underestimate receptor mobility (42) , indicate that AMPARs can diffuse at rates above 0.25 mm 2 /s and can thus move >100 nm in 10 ms. This is sufficient to escape the area reached by glutamate within a short time (13) . Within a region of 200-nm diameter, calculations indicate that~30% of receptors are replaced within 10 ms by diffusion at 0.1 mm 2 /s (figs. S11 and S12C). Thus, the replacement of desensitized receptors occurs at a characteristic time (50% in 30 ms if all receptors are mobile at 0.1 mm 2 /s and escape from a 200-nm zone) similar to, or even faster than, that of the recovery of individual AMPAR from desensitization (50% in 40 to 60 ms). Along this line, PPR was more pronounced with uncaging than with iontophoresis, even at low amplitudes of AMPAR-mediated currents, likely due to the larger size of the uncaging spot versus the iontophoretic one.
The extent of frequency-induced synaptic depression depends on desensitization, glutamate release, and postsynaptic receptor redistribution rate. This notion is supported by a theoretical model that combines previously established parameters of glutamate release in the synaptic cleft, AMPAR activation, and desensitization kinetics schemes (13, 39, 43) with receptor mobility (fig. S11 ). The theoretical recovery of AMPAR currents from depression strongly depends on lateral diffusion, on the area over which receptors are activated, and on receptor confinement ( fig. S12) .
Postsynaptic receptors' mobility is acutely regulated by physiological processes such as temperature (8) , depolarization (7), glutamate (8) , and tetanic stimulations leading to calciuminduced immobilization of receptors (this study). These changes in the fraction of mobile receptors will affect frequency-dependent depression in parallel to presynaptic processes (13) . This could be involved in providing a postsynaptic mechanism to modify the frequency dependence www.sciencemag.org SCIENCE VOL 320 11 APRIL 2008
